We investigate the effect that potassium intercalation has on the electronic structure of copper phthalocyanine ͑CuPc͒ molecular crystals by means of ab initio density functional calculations. Pristine CuPc ͑in its ␣ and ␤ structures͒ is found to be an insulator containing local magnetic moments due to the partially filled Cu d shells of the molecules. The valence band is built out of molecular Pc-ring states with e g symmetry and has a width of 0.38/ 0.32 eV in the ␣ / ␤ polymorph. When intercalated to form K 2 CuPc, two electrons are added to the Pc-ring states of each molecule. A molecular low spin state results, preserving the local magnetic moment on the copper ions. The degeneracy of the molecular e g levels is lifted by a crystal field, resulting in a splitting of 52 meV between occupied and empty bands. Electronic correlation effects enhance the charge gap of K 2 CuPc far beyond this splitting; it is 1.4 eV. The conduction band width is 0.56 eV, which is surprisingly large for a molecular solid. This finding is in line with the observed metallicity of K 2.75 CuPc, indicating that in this compound the large bandwidth combined with a substantial carrier concentration prevents polaron localization.
I. INTRODUCTION
Chemical doping of molecular crystals can result in a dramatic change of electron transport properties; well-known examples are intercalated fullerenes and organic charge transfer salts. Starting out as insulators, upon doping these compounds can become conducting and in special cases even superconducting. 1, 2 Because of the chemical richness of molecular crystals, building new metals by doping them remains an exciting and ever moving front. In this respect, recent progress was made by Craciun and co-workers, showing that transition metal phthalocyanines ͑MPc's͒ FePc, CoPc, NiPc, and CuPc-in their pristine state wide gap insulators-can be turned into a metal through potassium intercalation. [3] [4] [5] The MPc molecules are particularly interesting because they possess a magnetic moment and are characterized by substantial intramolecular Coulomb interactions, which opens the way for a display of interesting electron correlation effects. In addition, the MPc's can have orbital degeneracies giving rise to a competition between local Jahn-Teller distortions and the molecular Hund's rule exchange. Upon doping, an intricate interplay between charge delocalization and all these different molecular effects develops, a situation that is reminiscent of strongly correlated ceramics such as for instance doped manganese oxides. 6 The molecular aspects of organic crystals, however, make metallic MPc's also behave very different from such hard ceramics-in fact they form a class of strongly correlated metals. 7, 8 The question then arises how exactly the interplay between metallicity, magnetism, Jahn-Teller distortions, and correlation effects unfolds upon intercalation. By performing ab initio electronic structure calculations, we set the stage for more involved many-body calculations that can provide detailed answers to such a question. Here, we focus, in particular, on pristine CuPc and its potassium-doped derivative K 2 CuPc, both of which are of considerable experimental interest, 3, 5, [8] [9] [10] [11] [12] [13] also because of their close relation to other intercalated phthalocyanines. [14] [15] [16] [17] Our specific aims are to establish for potassium intercalated CuPc ͑i͒ whether the potassium atoms donate their electrons to the CuPc molecules, and if so, which molecular orbitals they occupy ͑Cu related or Pc related͒, ͑ii͒ the properties of the valence and conduction bands that are derived from these molecular orbitals, and, in particular, ͑iii͒ whether the bandwidth is such that it can explain the observed metallic behavior of K 2.75 CuPc. This indeed turns out to be the case: the metallicity of K 2.75 CuPc is due to a relative large bandwidth.
The paper is organized as follows. We will start by investigating the electronic structure of pristine CuPc in its ␤ and ␣ structures. Spin-polarized density functional calculations within the generalized gradient approximation ͑SGGA͒ for this compound reveal that a local magnetic moment is present in the open Cu d shell, so that substantial electronic correlation effects can be anticipated due to the strong Coulomb repulsion between the d electrons. We determine the value of the effective Coulomb interaction U Cu with a set of electronic structure calculation for the free, charged CuPc molecule. In the band structure calculations, we subsequently take U Cu into account on a mean field level by incorporating it explicitly within a SGGA+ U scheme. In the last part of the paper, we determine the electronic structure of the intercalated compound K 2 CuPc with SGGA+ U. We will show that the interpretation of this band structure is facilitated by comparing it to the band structure of the virtual crystal K 0 CuPc, indicating that the main consequence of potassium intercalation is a rigid band shift. Before presenting these results, however, we will provide the reader with the details on our computational approaches.
II. COMPUTATIONAL DETAILS
Our spin-polarized calculations ͑SGGA and SGGA+ U͒ are performed within the framework of density-functional theory 18, 19 ͑DFT͒ using the Vienna ab initio simulation package ͑VASP͒. 20 The Kohn-Sham equations are solved using the PW91 functional, 21 which describes electronic exchange and correlation within a generalized gradient approximation. The electronic structure is computed using the projector augmented wave method ͑PAW 22, 23 and PAW+ U 24 ͒, and the valence pseudo-wave-functions are expanded in a plane wave basis set with a cutoff energy of 500 eV. All the integrations in the Brillouin zone are performed with the tetrahedron scheme 25 using a sampling grid of 5 ϫ 10ϫ 5 k points.
The on-site Coulomb interaction U that is needed in the SGGA+ U calculations 26 is an input parameter to a VASP calculation. Since in molecular crystals U is basically a molecular property, we can obtain this parameter from calculations on isolated molecules. 27 One can express U bare of an isolated molecule as the variation of the energy eigenvalue of a particular orbital with respect to its occupation number. 28, 29 In the case of a CuPc molecule, one can distinguish between orbitals that are localized on the Cu ion in the center, and orbitals that are delocalized over the Pc ring, 30, 31 which leads to two separate parameters U Cu bare and U Pc bare . These parameters are calculated for an isolated molecule using the molecular program GAMESS. 32 The electronic structure is calculated within DFT using the BLYP SGGA functional 33, 34 and the 6-31G ** Gaussian orbital basis set.
If the molecule is embedded in a crystal, all Coulomb interactions are screened, leading to effective parameters U Cu and U Pc . 27, 35, 36 We determine the screening by calculating the electronic polarization that is caused by a charged CuPc molecule placed in a cavity of a homogenous dielectric medium. A value of 3.3 for the static dielectric constant of the medium is used, which is typical for Pc crystals. The polarization energy is then determined by the electrostatic interaction between the molecular charge distribution and the surrounding medium. 37, 38 The effect of screening by the crystal on U Cu is in fact negligible because the dominant ͑intramolecular͒ screening by the Pc ring surrounding the localized Cu state is already accounted for in the molecular calculation. Screening by the crystal has, however, an important effect on U Pc .
III. PRISTINE CU PHTHALOCYANINE
The structure of the neutral CuPc molecule and its electronic energy level diagram are shown in Fig. 1 Fig. 1 is dominated by a contribution from the Cu d orbitals and is localized on the Cu ion. The single electron in this state gives rise to an uncompensated magnetic moment. The a 1u and e g states are mainly derived from the states of the ͑conjugated͒ Pc ring and are delocalized over the ring.
It is important to note that, whereas Fig. 1 indicates that the b 1g states form the highest occupied molecular orbital and lowest unoccupied molecular orbital ͑HOMO-LUMO͒ levels, in reality the first electron addition ͑removal͒ state of the CuPc molecule is the Pc-derived e g ͑a 1u ͒ state. Adding an electron ͑or even a second and third͒ will not cause a filling of the Cu-derived b 1g state. Due to the strong on-site electron-electron repulsion between Cu electrons, the added electrons are forced to occupy the e g states of the Pc ring ͑see Table I͒ . This effect is demonstrated by explicit calculations on the charged CuPc ions and is in agreement with the results of previous calculations. 30, 31 One can expect that the order in which the molecular states are occupied also plays an important role in determining how the electronic bands are filled in the doped CuPc crystal.
A. Pristine ␤-CuPc: SGGA The crystal structure of pristine ␤-CuPc ͑Ref. 39͒ is shown in Fig. 2 . We start with a set of electronic structure calculations to determine the magnetic ground state of the compound. From the SGGA calculations, we find that the antiferromagnetic ordered state ͑spin up on the first and spin down on the second molecule in the unit cell͒ is 438 meV per unit cell lower in energy than the spin unpolarized state. 40 The magnetic moment of each molecule is close to 1 B , which is consistent with its interpretation as a molecu- 
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lar magnetic moment. We also find that the energy difference between the ferromagnetic and antiferromagnetic orderings is extremely small, i.e., smaller than 1 meV. This indicates that even though local moments are present in this system, the magnetic ordering temperature-if ordering occurs at all-is expected to be very low. This is not important in the following discussion since the band structures that we will present are nearly identical for the ferromagnetically and antiferromagnetically ordered states. We will present results for the antiferromagnetic ordering.
The band structure and density of states of ␤-CuPc, as calculated by SGGA, is shown in Fig. 3 . The bands are arranged in almost degenerate pairs, indicating that the local electronic structure of the two molecules in the unit cell is practically identical. Moreover, the bands show little dispersion, from which we conclude that the interaction between the molecules is weak. In fact, there is only appreciable dispersion of the bands along the crystallographic b direction, as can clearly be seen from the ⌫-Y cut through the Brillouin zone in Fig. 3 . Thus, from an electronic point of view, solid ␤-CuPc is quasi-one-dimensional along the shortest unit cell vector b, in accordance with the measured exciton dispersion in this compound. 41 The width of the highest valence band derived from the molecular e g states ͑see below͒ is ϳ0.3 eV. Such small bandwidths are typical of molecular crystals, 27 comprised of relatively weakly interacting molecules. They are consistent with the results of a previous calculation on CuPc crystals. 40 In a recent calculation on CuPc stacks, bandwidths have been found that are almost an order of magnitude larger. 42 Note, however, that in Ref. 42 a rather artificial structure has been used with an extremely strong intermolecular bonding.
In Fig. 3 , one observes that there is a very flat band at the Fermi level, derived from the localized Cu b 1g states. The first band above the Fermi level is derived from the corresponding empty Cu states; the bands just above 1 eV result from the empty e g states. It is interesting to see that in the band structure, these e g states, which are doubly degenerate in the molecule, split up into two nondegenerate bands. 44 This lifting of the molecular degeneracy is due to the crystal fields causing a distortion of the molecule that lowers its fourfold rotation symmetry to a twofold rotation symmetry. In the ␤ structure, the distances between the central Cu ion and its four neighboring N atoms are therefore not the same. There are two shorter Cu-N bonds with d 1 = 1.933 Å and two longer bonds with d 2 = 1.946 Å. Around the Cu ion, the short and long bonds alternate. This is in contrast with the ␣ structure to be discussed below, where the molecular symmetry is preserved and all Cu-N bond distances are the same,
The band structure of Fig. 3 corresponds to the energy levels of the CuPc molecule shown in Fig. 1 
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U Pc bare between electrons in the e g states of the Pc ring using the CuPc ionic configurations given in Table I . From this, we find U Pc bare = 3.0 eV. Note that these single molecule calculations include screening of the Coulomb interaction U Cu by the electrons on the Pc ring of the molecule. As mentioned above, in a crystal, there will be additional screening of the Coulomb interaction by the more distant surrounding molecules, which effectively reduces the value of U Pc bare . 27, 35, 36 We calculate a screening energy of 1.7Ϯ 0.1 eV, so that the effective Coulomb interaction becomes U Pc = 1.3Ϯ 0.1 eV.
From differences between the total energies of the CuPc molecule and the ions in the configurations listed in Table I , one can also determine the molecular energy gap ⌬ CuPc mol = I CuPc − A CuPc , where I and A are the molecular ionization potential and electron affinity, respectively. We find ⌬ CuPc mol = 4.3 eV, which is close to values found previously. 30, 31 Molecular charges in a crystal are screened by polarization of the environment. Using the calculated polarization energy of 1.7Ϯ 0.1 eV, we find a band gap ͑i.e., a charge transport gap͒ ⌬ CuPc solid Ϸ 2.6 for the crystal, which is in fair agreement with the value given in Ref. 45 . The SGGA+ U band structure calculated with U Cu = 4.89 eV is shown in Fig. 4 . The antiferromagnetic ordered state is 0.57 eV/ molecule lower in energy than the spin unpolarized state. As before, the energy difference with the ferromagnetic state is insignificant, i.e., smaller than 1 meV.
Comparison to Fig. 3 shows that the inclusion of U Cu causes the flat b 1g -derived Cu band below the Fermi level to shift downward in energy, and the empty b 1g to shift upward. Both the HOMO and LUMO derived bands in Fig. 4 are of Pc character. The LUMO derived valence bands are now precisely the bands that electrons are expected to end up in if we consider the electron doped system.
From the calculations, we find a valence band width of ␤-CuPc of 0.32 eV and a band gap of ⌬ CuPc band = 1.2 eV. Since we have only accounted for the on-site Coulomb interaction between Cu electrons by U Cu , the band gap is basically a DFT gap, which does not represent the charge transport gap.
For the present system, we can still estimate the latter, however, by taking into account the intramolecular Coulomb interaction U Pc between electrons on the Pc ring. We then estimate a charge transport gap ⌬ CuPc solid Ϸ ⌬ CuPc band + U Pc = 2.5Ϯ 0.1 eV. This value compares well with the estimate of 2.6 eV based on molecular calculations, discussed in the previous section. So, within the error bars, the two estimates of the gap agree. They are also consistent with the reported experimental values from photoemission spectroscopy ͓2.3Ϯ 0.4 eV ͑Ref. 45͔͒ from transport properties ͓2.1Ϯ 0.1 eV ͑Ref. 8͔͒ and the lower bound on the gap of 2.1 eV ͑Ref. 8͒ determined by electron energy loss spectroscopy.
D. Pristine ␣-CuPc: Spin-polarized generalized gradient approximation plus U
To study the effect of the crystal structure on the electronic structure, we have also performed calculations on ␣-CuPc using SGGA+ U. The crystal structure of pristine ␣-CuPc ͑Ref. 43͒ is shown in Fig. 5 . We use a unit cell that is doubled along the b direction in order to study the possibility of antiferromagnetic order. Indeed, we find the antiferromagnetic order to be stable with a magnetic moment on each molecule close to 1 B . As before, the energy difference with respect to the ferromagnetic ordering is vanishingly small, i.e., less than 1 meV. The band structure and density of states of ␣-CuPc are shown in Fig. 6 . Fig. 4͒ shows that the widths of the Pc derived bands of ␣-CuPc are slightly larger. In the ␣-CuPc structure, the molecules are more closely packed along the b direction, which increases the interaction between the molecules along this direction and increases the bandwidths.
The effect of the crystal field in ␣-CuPc is smaller than in the ␤ polymorph. The CuPc molecules preserve their D 4h symmetry; e.g., all nearest neighbor Cu-N bond distances are 1.930 Å. This means that the unoccupied Pc derived e g bands in ␣-CuPc are not split like in ␤-CuPc, but remain ͑nearly͒ degenerate ͑compare Figs. 4 and 6͒. The valence band width of ␣-CuPc is calculated to be 0.38 eV and the SGGA+ U band gap is 1.2 eV. When the electron correlations of the Pc ring are taken into account, as we did for ␤-CuPc, the charge transport gap becomes 2.5Ϯ 0.1 eV, which is the same value we found for ␤-CuPc.
The total energy of ␣-CuPc is 184 meV/unit cell higher than that of ␤-CuPc, which confirms the experimental observation that ␤-CuPc is the more stable structure.
IV. INTERCALATED CU PHTHALOCYANINE
Potassium intercalated CuPc has a monoclinic unit cell containing two CuPc molecules. 3 The structure is quite different from that of pristine CuPc because it has one molecule at the corner and the other one in the center of the unit cell, i.e., at ͑a / 2,b / 2,c / 2͒ ͑see Fig. 7͒ . 5 In the experimental structure of K 2.75 CuPc, two inequivalent positions of the potassium ions are present, which are both partially occupied. In our calculations, we occupy only one of the two inequivalent K positions, so that we have 4 potassium ions/unit cell, i.e., we start by analyzing K 2 CuPc before looking at the electronic properties of K 2.75 CuPc. There are two reasons for doing that. First, when investigating the electronic structure of our material, we want to separate its intrinsic electronic properties from the ones induced by disorder on the K sites. Second, the present unit cell is already very large ͑118 atoms͒ and the additional inclusion of disorder ͑by using a supercell or a coherent potential approximation͒ is numerically too demanding. We will see, moreover, that the band structure of K 2 CuPc forms the proper starting point to understand the electronic structure of the higher doped compound.
A. Electronic structure of K 2 CuPc
We minimize the total energy of K 2 CuPc by allowing the positions of the potassium atoms to relax. We observe that the K ions move to positions in the unit cell that are directly above the center of a phenyl ring of the phthalocyanine molecules. The K ions per CuPc are positioned at a distance of 3.0 Å from the molecular plane and are approximately connected by inversion symmetry through the center of the CuPc molecule.
The SGGA+ U band structure of antiferromagnetic K 2 CuPc and the corresponding density of states are shown in Fig. 8 . As before, for the intercalated compound, the difference in energy between the antiferromagnetic and ferromagnetic couplings of Cu ions is too small to determine the exact magnetic ground state. We observe that the valence and conduction bands do not have any K character and thus conclude that each potassium atom donates a full electron to the CuPc rings, so that CuPc CuPc 2− is formed. Other than this, K's do not play a role for the electronic properties of K 2 CuPc. This observation implies that for a qualitative understanding of the electronic structure of potassium doped CuPc, the electronic structure of CuPc is a reasonable starting point.
With this in mind, we now focus in Fig. 8 on the five bands around the Fermi level: the two that make up the valence band below it and the three of the conduction band above. Compared to pristine CuPc the valence band has taken up two additional electrons per molecule. This valence band is entirely derived from molecular e g orbitals, i.e., states that are localized on the Pc ring. The e g orbitals of a neutral CuPc molecule can absorb up to four electrons because these states are twofold degenerate ͑and assuming spin degeneracy͒. So in K 2 CuPc each CuPc molecule has two electrons in the e g orbital. Since there are two CuPc molecules per unit cell, the e g derived bands are doubled. Two of them are filled and form the valence bands just below the Fermi level, the empty states form two out of the three conduction bands. The third conduction band is derived from the empty molecular b 1g states-copper states with very little dispersion. We observe that this b 1g Cu band and the Pcderived e g conduction band cross but that there is very little hybridization between them.
From Fig. 8 , we see that the valence and conduction bands, which are derived from the molecular e g states, are separated by a small gap of 52 meV due to a splitting of the e g bands. The splitting is related to the fact that a doubly charged CuPc molecule in the low-spin state is Jahn-Teller active. The molecular Jahn-Teller distortion lifts the degeneracy of the e g states and causes an energy gain. The JahnTeller energy gain of low-spin state of CuPc apparently overcomes the opposing Hund's rule exchange energy that favors a high-spin state ͑but does not allow for a Jahn-Teller distortion͒. In the free molecule, the Jahn-Teller distortion is expected to be dynamical, but in K 2 CuPc, the distortion freezes and becomes static due to the ionic and covalent molecular crystal fields from the surrounding ions and molecules. Between the central Cu ion and its four neighboring N atoms, there are two shorter bonds with d 1 = 1.980 Å and two longer ones with d 2 = 2.003 Å. Around the Cu ion, the short and long bonds alternate.
The 52 meV band splitting between the Pc-derived valence and conduction bands is expected to be only a fraction of the factual charge gap of K 2 CuPc. If we take the Coulomb interactions between electrons on the Pc ring ͑U Pc = 1.3 eV͒ into account as for the pristine system, we estimate a charge transport gap of ⌬ K 2 CuPc solid = 1.4Ϯ 0.1 eV.
B. Comparison to K 0 CuPc
In order to check the robustness of our result on K 2 CuPc, we have performed the same calculations and analysis for an identical crystal structure, but with all the potassium atoms ͑including their electrons͒ removed. We refer to this as the K 0 CuPc structure. In this case, we find a very similar band structure to the one of K 2 CuPc, only with the Fermi level shifted ͑see Fig. 9͒ . Apart from this shift, the only appreciable change in the band structure is that doping induces a small shift of 188 meV of the almost dispersionless Cu b 1g band to higher energy. We thus conclude that potassium intercalation basically gives rise to a simple band filling of the CuPc-related electronic states.
We notice from a comparison between K 0 CuPc ͑or pristine CuPc͒ and K 2 CuPc that the e g bands are filled upon doping, and that the b 1g bands are just shifted upward in energy. This corresponds to the filling of levels for the isolated molecule ͑see Table I͒ . For an isolated triply CuPc charged molecule, it costs almost 0.45 eV to put an electron in its b 1g state instead of e g state. 31 The behavior is important when considering further intercalation, as in K 2.75 CuPc. This compound has compared to K 2 CuPc an extra of 0.75 electrons/CuPc molecule. We can assume that these electrons start to fill the e g Pc-derived conduction band in Fig. 8 , and that the Cu-derived b 1g band stays empty. On the basis of rigid band filling, we then find that the extra 0.75 electrons shift up the Fermi level by 188 meV. The electronic transport properties of ͑K 2.75 CuPc͒ are then fully determined by its Pc-derived e g bands.
V. CONCLUSIONS
We find that pristine CuPc is a magnetic insulator with strong electronic correlations, a charge gap of 2.5Ϯ 0.1 eV and a Pc-derived valence band with a width of 0.38/ 0.32 eV for the ␣ / ␤ structure. K 2 CuPc is also a magnetic insulator, with a gap of 1.4Ϯ 0.1 eV that is almost completely due to intramolecular Coulomb interactions. An important result is the bandwidth of the conduction band of K 2 CuPc: 0.56 eV, FIG. 8 . ͑Color online͒ ͑K 2 CuPc͒ 2 : band structure, density of states, and projected density of states, calculated with SGGA+ U. The points in the Brillouin zone are the same as in Fig. 3.   FIG. 9 . ͑Color online͒ ͑K 0 CuPc͒ 2 : band structure, density of states, and projected density of states, calculated with SGGA+ U. The points in the Brillouin zone are the same as in Fig. 3. which is large for a molecular solid. As, due to the rigid band behavior, in K 2.75 CuPc the additional 0.75 electron/CuPc molecule fill the e g Pc-derived conduction band, this wide and partially filled band entirely determines the electronic transport properties of the compound. Thus, on the basis of the band structure calculations, one expects that this material is metallic. In general, however, polaronic effects and disorder, not included in our analysis, are substantial in molecular crystals. These tend to localize charge carriers, especially in the low doping regime. However, in K 2.75 CuPc, the large amount of doped charge carriers enables an effective screening of disorder, and the unusually large bandwidth makes polaron formation less likely, so that delocalization of the carriers is strongly promoted.
